Introduction
[2] Since the discovery of the Antarctic ozone hole in the mid-1980s by Farman et al. [1985] , there has been extensive study of stratospheric ozone loss. The processes involved in the Antarctic ozone hole are now well understood, see Solomon [1999] for a review. However, meridional transport out of the polar regions has not been fully quantified, and it is therefore difficult to obtain a quantitative understanding of Southern Hemisphere (SH) mid-latitude ozone loss [World Meteorological Organisation (WMO), 1999] . One mechanism for mid-latitude ozone loss is dilution caused by the final breakup of the Antarctic ozone hole, proposed by Atkinson et al. [1989] . They described a case in December 1987, when low ozone values over Melbourne, Australia appeared to be associated with advection of low-ozone air following the breakup of the Antarctic ozone hole. Subsequently, Atkinson and Plumb [1997] examined this case in more detail using contour advection of reconstructed ozone. They found a large contribution to the change in reconstructed ozone during the vortex breakup from quasi-horizontal advection in midlatitudes. The 1987 polar vortex breakup caused a small but significant mid-latitude dilution effect, but it was unclear whether this extended as far as Melbourne.
[3] Other studies have looked at ozone dilution in the Northern Hemisphere [e.g., Knudsen et al., 1998 ] and at low ozone events in SH mid-latitudes using observations and trajectory analysis [e.g., Brinksma et al., 1998; Perez et al., 2000; Cordero and Grainger, 2002] . Here, ozone is modeled using a 3-D off-line transport model incorporating parameterized ozone production and loss rates. This makes possible an analysis of the vortex breakup and advection to mid-latitude regions that cannot be done by using ozonesonde observations alone. The use of parameterized chemistry means that the evolution of the Antarctic ozone hole can be simulated. The model and data used are briefly described in the next section. A case study, the breakup of the Antarctic ozone hole in late November and early December 2000, is examined in section 3. This case is of particular interest because the transport model simulation and ozonesonde data indicate that reduced ozone values in the lower stratosphere in mid-latitudes were associated with transport of air out of the ozone hole. A discussion of the results is presented in section 4.
Model and Data
[4] The transport model has been adapted from the NCAR Middle Atmosphere Community Climate Model version 2 (CCM2). Advection is done using the SemiLagrangian Transport (SLT) scheme of Williamson and Rasch [1989] with conservation of tracer mass applied after each transport time step [Rasch et al., 1995] . Arbitrary input meteorological data can be used, with tracer output on the same grid as the input data. Variants of CCM2 have been used in a number of stratospheric transport studies [e.g., Rasch et al., 1995; Li et al., 2002, and references therein] .
[5] In the transport model, ozone is a passive tracer. Here, ozone chemistry is modeled by applying parameterized production and loss rates at the end of each time step. Rates were taken from the NASA GSFC 2-D chemical transport model [Rosenfield et al., 1997] , which uses parameterized polar stratospheric clouds from Considine et al. [1994] to simulate development of the Antarctic ozone hole. Although these are climatological rates, they have been successfully used to model the total ozone annual cycle [Douglass et al., 1996] .
[6] Wind data is taken from daily UK Met Office UARS analyses [Swinbank and O'Neill, 1994] . These have a horizontal resolution of 3.75°longitude by 2.5°latitude at 22 pressure levels from 1000 to 0.31 hPa. One-hour time steps are used, with linear interpolation of winds to each time step. The analyses have been used previously in stratospheric transport studies [e.g., Manney et al., 1998 ].
[7] The ozone mixing ratio initial conditions are derived from blending the stratospheric climatology used by Randel et al. [1999] with the tropospheric climatology of Logan and McPeters [1999] . Zonal mean monthly mean values are linearly interpolated to the initial time, then scaled so that the integrated ozone column at each grid point matches TOMS total ozone for that day. Spin-up effects are not significant in the model output.
Breakup of the 2000 Antarctic Ozone Hole
[8] In order to simulate the evolution of the Antarctic ozone hole, the model was initialized at 12UTC 1 September 2000 and run until 12UTC 31 December 2000. Daily model output is examined at four SH ozonesonde stations: Syowa (69°S, 40°E), Macquarie Island (55°S, 159°E), Melbourne (38°S, 145°E) and Lauder (45°S, 170°E). Ozonesonde data can be used to evaluate the vertical ozone distribution, although they are typically only available at seven-day intervals.
[9] Modeled ozone mixing ratio at 68.1 and 31.6 hPa interpolated to Macquarie Island and Melbourne is shown in Figure 1 . At Macquarie Island (Figure 1a) there is low ozone in early September as the result of the passage of the edge of the Antarctic ozone hole. Ozone reaches a maximum in early October with a steady decline afterwards. The ozone maximum occurs slightly later in October at Melbourne (Figure 1b) , where there is also a steady decline during October -December. At both stations, there is variability on weekly time scales caused by synoptic scale weather events.
[10] Also shown in Figure 1 is ozonesonde data interpolated to 68.1 and 31 hPa. Modeled ozone is slightly lower than the ozonesonde data at 68.1 hPa, and slightly higher at 31.6 hPa. However, trends over the four-month period are the same, and the model better represents the variablility on weekly time scales. At Syowa (not shown), the model reproduces the observed ozone hole, although the loss during September is not fully reproduced.
[11] The most significant change in modeled ozone on a weekly time scale in the model run occurs at Macquarie Island ( Figure 1a) and Lauder (not shown) in late November, when there is a rapid decrease followed by an equally rapid rise several days later. At Melbourne (Figure 1b) , there is a smaller decrease at 31.6 hPa in early December. During this period, there is also a large increase in ozone at Syowa (not shown). Figure 2 shows the modeled ozone mixing ratio at 31.6 hPa at three-day intervals starting from 12UTC 26 November 2000. The ozone hole, which had been displaced from over the South Pole earlier in November, is over Antarctica on 26 November (Figure 2a ) and has been stretched. By 29 November (Figure 2b ), the ozone hole has been split into two parts, with one part directly over Macquarie Island in the Southern Ocean. High-ozone air has been wrapped around the other part of the ozone hole and is over Syowa. On 2 December (Figure 2c ), the ozone hole remnant from Macquarie Island is now over New Zealand and is starting to be stretched zonally. Both ozone hole remnants are stretched further on 5 December (Figure 2d ), when there is now decreased ozone over Melbourne. The stretching of the ozone hole remnant suggests that the lowozone air is mixed into the mid-latitude region, which implies a dilution effect.
[12] Model transport during this period is dominated by horizontal advection. Examination of the 600K Isentropic Potential Vorticity from the UK Met Office analyses (not shown) indicates that the ozone hole remnants coincide with polar vortex remnants. In addition, the estimated tropopause height during this period (not shown) is decreasing, indicating more stratospheric air in each column. Hence, vertical transport from above in this case would lead to increased ozone, and not the modeled decrease.
[13] Changes in modeled ozone over this period are shown in Figure 3 . The profiles used at each station coincide with ozonesonde flights closest to the passage of the ozone hole remnant. At Syowa (Figure 3a) , there are large increases in ozone between 100 and 46.4 hPa. At the mid-latitude stations (Figures 3b-3d) , the largest decreases in modeled ozone occur at 31.6 hPa. The magnitude and vertical extent of the ozone loss in mid-latitudes decreases as the ozone hole remnant moves equatorward. However, this could be because the ozonesonde flights are not coincident with the passage of the low-ozone air. To indicate if these changes are unusual, an estimate of the variability of the seven-day change in ozone profile for each station is obtained by taking the standard deviation of all pairs of seven-day modeled ozone differences over November and December from runs for 1997-2000. The error bars in Figure 3 indicate that the changes between 100 and 31.6 hPa at the stations are unlikely to have been caused by typical seven-day variability.
[14] Also shown in Figure 3 are the differences in the ozonesonde flights. At all stations, the profiles of the modeled ozone changes are similar to those seen in the ozonesonde data. In general, the modeled ozone tends to overestimate the magnitude of the SH mid-latitude loss.
Discussion
[15] The 3-D off-line transport model is able to reproduce both the week-to-week variability and seasonal trends seen by ozonesonde data. In addition, it is able to represent the large-scale horizontal flow, which cannot be done using ozonesonde data alone. In late November and early December 2000, the modeled Antarctic ozone hole split into two parts and was transported to mid-latitudes. At the same time, high-ozone air was transported over Antarctica. Similar to the case in December 1987 considered by Atkinson and Plumb [1997] , one remnant of the ozone hole resulted in several days of low ozone over New Zealand and southeastern Australia, before being apparently mixed into SH mid-latitudes, with a potential dilution of ozone.
[16] Comparisons with mid-latitude ozonesonde profiles during the passage of the ozone hole remnant indicate that the modeled ozone shows too much loss. This is a result of the recovery of the modeled Antarctic ozone hole in November being too slow. The most likely cause of this is too weak vertical motion inferred in the model from the input analyzed vertical wind field. In situ ozone production rates are low, so recovery of the ozone hole is driven by dynamic processes, particularly large-scale descent from the upper stratosphere [WMO, 1999] . If insufficient ozone is transported from above into the polar vortex, then the recovery of the modeled ozone hole will not occur, meaning the magnitude of later possible dilution will be overesti- mated. If the stratosphere is unusually cold, then climatological ozone production and loss rates will be inaccurate. However, NCEP analyses (not shown) indicate that in October -December 2000 lower stratospheric temperatures did not differ greatly from the long-term mean.
[17] The results presented in this paper indicate that applying parameterized production and loss rates to ozone in a transport model can be a useful tool for studying the impact of the ozone hole on SH mid-latitudes. Further work is intended to quantify this impact, and to assess the interannual variability of the dilution effect.
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